The process e + e − → W + W − provides a valuable laboratory to test the Standard Model (SM) and to search for new physics. The most general helicity amplitudes for this process require the introduction of nine form-factors which we calculate in the context of SU (2) 
surements via the processes e + e − → f f and e + e − → W + W − at LEP II or a future linear e + e − collider. Concrete relationships between operators of the linear and nonlinear realizations are presented where possible. 11.15.E,11.80.C,12.39.F,14.70 Typeset using REVT E X
I. INTRODUCTION
The Standard Model (SM) of electroweak interactions has been very successful when tested by experiments at and below the scale of the weak-boson masses. However, all available precision data concerns processes with four light external fermions only. There is very little data which directly reflects the couplings of electroweak bosons amongst themselves, and the symmetry-breaking sector remains wholly uninvestigated.
Studies of the process e + e − → W + W − will provide important data concerning both nonAbelian gauge-boson couplings and the Higgs sector. A convenient form-factor-based analysis of this process is indisposable if we wish to discuss the search for new physics effects in an efficient manner. The utility of this approach has been demonstrated in Ref. [1] , where seven tensors, each with a scalar form-factor coefficient, were introduced to describe new physics in the s-channel. However, one should expect that realistic models may induce corrections in the t-channel and box graphs as well. Furthermore, it is desirable to have a framework which allows both standard radiative corrections [2] and nonstandard contributions to be straightforwardly combined.
In Section II we demonstrate how a total of nine tensors may be used to obtain the most general amplitudes. While Section II concentrates on the kinematics of e + e − → W + W − amplitudes, Section III concentrates on the dynamical structure of each form factor at the one-loop level in the SM supplemented by small nonstandard contributions.
We then describe deviations from the SM via effective-Lagrangian techniques. In general one constructs an effective Lagrangian by adding to the SM Lagrangian terms which describe the new physics. These new terms will be constructed, subject to the various assumptions of the extended theory, from the fields of the SM and derivatives thereof. We will everywhere assume that the full theory is invariant under SU(2) L × U(1) Y spontaneously broken to U(1) em . Furthermore, we will assume that the couplings of the new physics to the light fermions are suppressed, hence fermionic fields shall not be employed in the construction of effective operators. Because the existence or nonexistence of the Higgs boson has not yet been established, its inclusion or exclusion is open to debate. We therefore consider both scenarios by discussing the linear and the nonlinear realizations of the symmetry-breaking sector. Wherever possible we present our results in a fashion which facilitates comparison of the two scenarios.
In Section IV we present an effective Lagrangian with a linearly realized Higgs sector which may be written as the sum of the SM Lagrangian plus operators of energy-dimension greater than four. At the energy-dimension-six level we present a complete set of such operators, and we discuss the couplings affected by each operator. In Section V we describe the construction of the electroweak chiral Lagrangian. A complete set of operators through energy-dimension-four are presented. Each operator in the nonlinear representation is paired with its counterpart in the linear representation from which it may be obtained in the limit where the mass of the Higgs boson is taken to infinity. We discuss the electroweak gaugeboson couplings which are affected by each nonlinear operator.
In Section VI we show how a subset of the operators, in eitherB realization of the symmetry-breaking sector, may be constrained by current data from the LEP/SLC and low-energy experiments. At low-energies three operators in the nonlinear representation are tightly constrained. Four operators in the linear representation may be constrained, albeit somewhat less stringently, by the low-energy data; the constraints on these four are very much improved through the study of e + e − → f f at higher energies.
In Section VII we return to the process e + e − → W + W − , for which we calculate the form-factors in the linear and in the nonlinear representation. In either representation seven operators contribute to e + e − → W + W − . We also review the standard parameterization of the most general W W γ/W W Z vertex.
In Section VIII we present a numerical study of the process e + e − → W + W − including nonstandard effects. In Section IX we discuss the numerical results and how they may be combined with constraints from the low-energy experiments, Z-pole data and further measurements of four-fermion observables at higher energies. Finally, in Section X we present our conclusions.
II. A FORM-FACTOR-BASED ANALYSIS OF e + e − → W + W −
The process e − (k, τ ) + e + (k, τ ) → W − (p, λ) + W + (p, λ) is depicted in Fig.1 . The fourmomenta of the e − , e + , W − and W + are k, k, p and p respectively. The helicity of the e − (e + ) is given by 1 2 τ ( may be written as 1) where all dynamical information is contained in the scalar form-factors F i,τ (s, t) with s = (k + k) 2 and t = (k − p) 2 . The other factors in Eqn. (2.1) are of a purely kinematical nature; ǫ α (p, λ) * and ǫ β (p,λ) * are the polarization vectors for the W − and W + bosons respectively, and j µ (k,k, τ ), given by 2) is the fermion current for massless electrons.
The tensors T µαβ i may be chosen as
3a)
3b)
3c)
3d)
3e)
3f)
3g)
3h) 3i) where P = p −p, q = k +k = p +p, K = k −k and ǫ 0123 = −ǫ 0123 = +1. The properties of the associated form factors F i,τ (s, t) under the discrete transformations of charge conjugation (C), parity inversion (P ) and the combined transformation CP are summarised in Table I . When working in the context of a particular model the calculation of the scalar formfactors, F i,τ (s, t), depends upon the dynamics particular to that model as well as the level of precision to which the calculation is performed. To the contrary, the kinematical aspects are completely general. Therefore, it is practical to choose a convenient frame and to tabulate 4) for i = 1 · · · 9. On the right-hand side of the equation an overall factor is extracted as well as the appropriate d-functions [3, 4] , d
J 0 τ,∆λ , where 1 2 τ is the electron helicity, ∆λ = λ − λ and J 0 is the angular momentum of the first partial wave which contributes. Those d-functions which are relevant to the current discussion are summarized in Table II . Table III and Table IV. We choose the e + e − -collision center of momentum (CM) frame with the outgoing Wboson momentum vectors along the z-axis. The angle Θ is measured between the momentum vectors of the electron and the W − boson. Then
5a)
5b) 5c) and, in the notation of Ref. [5] , the fermion current and the polarization vectors become
The explicit form of the T i,τ in this frame are summarised in Table III for i = 1, · · · , 7, and in Table IV for i = 8, 9. Note that the results of these two tables are valid in any CM frame obtained from the frame of Eqn. (2.5) by a simple rotation.
see Table IV Seven of the tensors, Eqn. (2.3a)-Eqn. (2.3g), follow the notation of Ref. [1] , where the primary emphasis was the discussion of nonstandard W W γ and W W Z vertices which respect Lorentz invariance and electromagnetic gauge invariance, but not SU(2)×U(1) gauge invariance. Under these assumptions the most general W W V vertex (V = γ or Z) may be 8) where the f V i are the form factors of Ref. [1] . The two tensors which are new, Eqn. (2.3h)-Eqn. (2.3i) , are necessary to include all possible effects, including t-channel and box corrections.
III. CALCULATION OF THE FORM-FACTORS
In this section we write the scalar form-factors, F i,τ (s, t), of Eqn. (2.1) in a form which is valid at the one-loop order for completely general corrections in the two-and threepoint functions. For higher-order effects which include fermionic vertices or the self-energy corrections for fermions, only the SM corrections are explicitly included. We find
In Eqn. (3.1) we introduce additional form-factors through 2) where X = Z, γ, t. At the tree level, f Eqn. (2.8) . At higher orders there may be corrections directly to the W W V vertex, which are contained in f
. Associated self-energy corrections for the external W bosons are also included in f
In a similar fashion the t-channel contribution to the tree-level amplitude may be ex- see that f
Similarly f
= 2 all contribute to the C-even P -even form-factor F 3,τ (s, t).
Parity violation in the SM tree-level amplitudes enters through the C-odd P -odd form-factor = 1 to the C-even P -even formfactor F 8,τ (s, t). The regular pattern that appears in Table V is extremely important, as will be discussed at the end of this section in the context of tree-level perturbative unitarity.
While the SM employs neither the C-even P -even form-factor F 2,τ (s, t) nor the C-odd P -odd form-factor F 9,τ (s, t) at the tree level, at the one-loop level they attain nonzero values [2] .
is generated solely through box corrections.
The barred charges include the real parts of the gauge-boson two-point-functions [6] ; 5) where m V denotes the physical mass of the gauge boson V . The subscript 'T' indicates the use of the transverse component of gauge-boson two-point-function; the longitudinal component makes no contribution when coupled to an external massless-fermion current. We employ the LEP convention for the Z-boson mass and running width [7] which accounts for the additional contribution to ∆ ZZ in Eqn. (3.4c) . The pinch-term contributions [8, 9, 10, 11] have been removed from the vertex-correction terms, i.e. Γ (s)), but instead have been absorbed into the barred effective charges [6] . This standard procedure renders the effective charges gauge invariant and allows us to use them universally in both the four-fermion and e + e − → W + W − amplitudes. (2.4) , then taking the limit β → 1, γ → ∞, the leading contributions to the amplitudes may be expressed as 8) and here the contributions proportional to γ cancel. We could repeat this analysis for the 0−, 0+ and −0 amplitudes, again to discover that the terms which grow with energy cancel.
There is an advantage of adopting the MS couplings in the perturbative expansion of the form-factors. In brief, through a judicious choice of the renormalization scale for these couplings, the above tree-level unitarity cancellation straightforwardly prevails in the major part of the corrected amplitudes. 
The energy dimension of each operator is denoted by n, and the index i sums over all operators of the given energy dimension. The coefficients f
are free parameters, though they may be determined explicitly once the full theory is known.
The higher-dimensional terms are constructed from the fields of the low-energy theory.
In this section we assume that the low-energy theory, i.e. the SM, contains a light physical scalar Higgs particle which is the remnant of a complex Higgs-doublet field; the remaining three real fields of this doublet provide the longitudinal modes of the W ± and Z bosons. We will refer to the physics described by the effective Lagrangian of Eqn. (4.1) as the 'light-Higgs scenario' or the 'linear realization of the symmetry-breaking sector'.
An exhaustive list of SU (2)×U (1)-gauge-invariant energy-dimension-five and -six operators has been compiled in Refs. [12] . As outlined in Section I, we exclude all operators which contain fermionic fields. Furthermore, we only consider operators which conserve CP. Upon restricting the analysis to operators not exceeding energy-dimension six we find that twelve operators form a basis set; all are dimension-six and separately conserve C and P. In the notation of Ref. [13, 14] they are
The covariant derivative, D, is given by
where g is the SU (2) 
Combining the twelve operators of Eqn. [15] . For this reason their respective coefficients, f DW , f DB , f BW and f Φ,1 , are strongly constrained by LEP/SLC and low-energy data [13, 14, 16] , and these constraints will be improved by the study of two-fermion final states at higher-energy lepton colliders [16] . (This will be discussed in greater detail in Section VI.) These four operators will contribute to the process e + e − → W + W − through corrections to the charge form-factors,
, and through the W -boson wave-function-renormalization factor.
The operators O DW and O BW also make a direct contribution to W W γ and W W Z vertices. Three additional operators contribute as well [13, 14] . (4.6d) leading to a null contribution. For this reason an 'O' is used for these operators in Table VI .
Additionally O Φ,4 contributes to the W -and Z-mass terms, while O Φ,1 contributes to the Z-mass term only. Hence O Φ,1 violates the custodial symmetry [17] , SU (2) 
Energy-dimension-six operators in the linear representation of the Higgs mechanism. The contribution of an operator to a particular vertex is denoted by an 'X' . In some cases an operator naively contributes to a vertex, yet that contribution does not lead to observable effects.
In such cases the 'X' is replaced by an 'O' .
V. THE NONLINEAR REALIZATION
The construction of the effective Lagrangian requires knowledge of the low-energy particle spectrum. The existence of a light Higgs boson has not been confirmed, and an intriguing possibility is that no such particle exists. The scale for the new physics is then set by the scale of electroweak symmetry breaking, v. Typically
In general one should expect that the list of operators which contribute to the effective Lagrangian are related to those of the linear representation of Eqn. (4.1), but the operators which appear at leading order may be quite different than those enumerated in Eqn. (4.2).
This may be seen by studying the nonlinear representation of the Higgs doublet field;
where χ i (x) are the Goldstone fields, H is the usual Higgs field and the τ i are the Pauli matrices. In the limit that the Higgs field is too massive to fluctuate the H term may be dropped. Then, in the unitary gauge, The full Lagrangian may be written as
In contrast to the linearly realized Lagrangian of Eqn. (4.1), the L SM term does not contain the physical Higgs field. We adopt the notation [20, 21, 22 ]
Here Φ c = iτ 2 Φ * denotes the charge-conjugate Higgs doublet field, and T a = τ a /2 are the generators of the SU (2) algebra. In the unitary gauge these expressions become,
The custodial SU (2) We present a list of gauge-invariant chiral operators through energy-dimension four which conserve CP. There are twelve such operators given by [21, 22 ]
7j)
The dimension-two operator L ′ 1 and the first ten dimension-four operators, L 1 through L 10 , conserve both C and P, whereas the last operator, L 11 , is both C-odd and P-odd. We adopt the notation of Ref. [21] and Ref. [22] 1 .
In Table VII we indicate the vertices to which each operator contributes with an 'X'.
Additionally we present, with each chiral operator, its counterpart in the linear realization. In particular we may associate four of the chiral operators with energy-dimension-six operators of Section IV. Realizing that the O i depend explicitly upon the field H, but the L i do not, we may write
These operator identities give valid relations among matrix elements for processes that do not involve external Higgs particles. The linear-realization counterparts of the remaining chiral operators appear at energy-dimension eight, ten and twelve. These higher dimensional operators in the second column of Table VI are [23] O
The higher dimensionality of the associated operators in the linear realization indicates 1 Operators L 1 through L 10 were discussed in Ref. [21] , but L 11 was added in Ref. [22] None of the operators contributes to the W W two-point-function, hence, in contrast to the linear realization, the non-SM operators do not contribute to the W -boson wave-functionrenormalization factor, and the t-channel neutrino-exchange amplitudes are not modified.
In total six of the operators, Finally, an alternative standard notation of Ref. [24] is related to our notation by
10a)
10b)
Ref. [25] makes the estimate
for one family of techniquarks and technileptons with chiral SU (8)×SU (8) symmetry, and 5.11b) in the minimal model with one color-singlet technidoublet. Taking input from low-energy QCD [24, 26] ,
Considering the contributions from N flavor doublets of heavy fermions U and D [26, 27, 28] Ref. [22] estimates
(5.12a)
12c)
12d)
12e)
, and it has been assumed that the mass splitting is small compared to the masses m U and m D . Notice that α 1 , α 2 and α 3 are approximately degenerate. Also, β 1 is suppressed relative to α 1 by (∆m) 2 /v 2 while α 8 and α 9 are suppressed by δ 2 . It is noteworthy that, while α 11 is also suppressed, the suppression factor is only one power of δ. The above estimates will serve as useful benchmarks throughout the remainder of the paper.
VI. PROCESSES WITH FOUR EXTERNAL FERMIONS
A. The linear realization of the symmetry-breaking sector
In the linear realization four operators, O DW , O DB , O BW and O Φ,1 , have special significance [15, 13, 14, 16] due to their contributions to low-energy processes involving four external light fermions. In short, they are the only operators from Eqns. (4.2) which are well constrained by the present data. This subset contributes to electroweak precision observables via their contributions to the transverse components of the gauge-boson propagators. If the oneparticle-irreducible two-point-function is separated into SM and new-physics contributions according to Π = Π SM + ∆Π, then, in the notation of Ref. [13, 14] , we find
The two-point functions may also be expressed in a basis which refers to physical gauge bosons by
Either set of two-point functions may be employed, as convenience dictates. From Eqn. (6.1) follow the S, T and U parameters of Ref. [18] or some equivalent triplet of parameters [29] .
In general we allow for an anomalous contribution to α QED (m 2 Z ) [30] . Defining S, T and U according to Ref. [6] , (6.3d) where S = S SM + ∆S, T = T SM + ∆T , U = U SM + ∆U, and 
where SM vertex and box corrections to the muon lifetime are incorporated in δ G ≈ 0.0055.
Additionally, the nontrivial q 2 -dependence of the two-point-functions leads to a nonstandard running of the charge form-factors;
The combination of Eqn. (6.5) with Eqn. (6.6) leads to the convenient expressions
The 'hatted' couplings are the MS couplings, and hence they satisfy the tree-level relationshipsê ≡ĝŝ ≡ĝ Zŝĉ andê 2 ≡ 4πα. For numerical results concerning Z-pole observables we adopt the renormalization conditions of Ref. [30] and useᾱ(m For α s = 0.118 we obtain the following constraints on f DW , f DB , f BW and f Φ,1 :
where 12) and Λ = 1TeV. The errors are at the one-sigma level. The parameterization of the central values is good to a few percent of the one-sigma errors in the range 150GeV < m t < 190GeV and 60GeV < m H < 800GeV; the dependencies upon m H and m t arise from SM contributions only.
We note the very strong correlations among three of the parameters. This suggests that the data constrains one combination of the parameters particularly well. This should not be ignored since this most stringent constraint sets the present sensitivity limit for physics beyond the SM as parameterized by the effective Lagrangian of Eqn. (4.1). We diagonalize the covariance matrix and repeat the χ 2 analysis in the basis of eigenvectors to find this particular combination and its associated error with the following result:
The implication of this measurement is that, barring accidental cancellations among the various parameters, the constraint on f Φ,1 is actually much more severe than one would expect from Eqn. (6.11) .
This result may be explained by the dominance of the data from the Z-pole measurements. Comparing the errors associated with the charge form-factors of Eqn. (6.8), Eqn. (6.9) and Eqn. (6.10) , it is clear that the measurements ofs
are much more precise than the remaining measurements. Considering only these two measurements and including their associated correlation it is possible to predict which combination of parameters is best constrained, and that prediction is approximately Eqn. (6.13) . Nevertheless, the low-energy neutral-current and the charged-current/W -boson-mass data play an important role in the fit.
B. The nonlinear realization of the symmetry-breaking sector
We may repeat the entire analysis for the chiral Lagrangian of Eqn. (5.4) . The corrections to the two-point-functions are 
which agrees with Ref. [22] . The contributions to the charge form-factors may be calculated via Eqn. (6.5), but there is no additional contribution to the running of the charge formfactors in Eqn. (6.6) . Here the analysis with the operators of the chiral Lagrangian through energy dimension four is equivalent to the standard S, T , U analysis. In short, the results are ∆α(q 2 ) = 0 , (6.16a) The two fits, (6.11) and (6.17) , are not equivalent. The nontrivial running of the charge form-factors introduced by the energy-dimension-six operators O DW and O DB is a leadingorder effect; similar effects will also be induced by dimension-six operators of the chiral Lagrangian [32] which are neglected in the present approximation. On the other hand, the contribution of α 8 is equivalent to a dimension-eight effect in the linear realization, hence the contribution of its counterpart in the linear realization is expected to be suppressed. A partial comparison may be made only in the limit where f DW = f DB = 0 and α 8 = 0, which corresponds to a fit in ∆S and ∆T with ∆U = 0 [16] .
C. Expectations for improved measurements
The study of four-fermion processes at higher energies will do little to further constrain the parameters of the chiral Lagrangian via contributions to the electroweak charge formfactors unless the precision of those high-energy experiments is competitive with the precision of LEP/SLC. The situation is markedly different when the symmetry breaking is linearly realized, and the anomalous running of the charge form-factors leads to enhanced sensitivity at higher center of mass energies. This enhanced sensitivity in turn implies improved constraints upon the contributing coefficients. At LEP II, with √ s = 175GeV and Ldt = 500pb −1 , the constraints may improve as f DW = −0.07 + 0.032 x H − 0.67 x t ± 0.22
f BW = 0.19 + 0.050 x H ± 0.46
We make the assumption that the measurement of the W -boson mass will improve to ∆m W = 45MeV [33] . 6.19) In this analysis we have also assumed that the error on the W -boson mass will be reduced to ∆m W = ±20MeV by the TeV33 upgrade of the Fermilab Tevatron [34] . For the parameters of the chiral Lagrangian, the fit of Eqn. (6.17) is modified by a reduction of the error on α 8
to δα 8 = ±2.3 × 10 −3 while the correlation between α 8 and β 1 is increased to 0.72. In this case the improvement is from the precise measurement of the W -boson mass.
In Ref. [35] a scheme has been proposed which accounts for Z-pole measurements at LEP I when discussing new data at LEP II or a higher-energy linear e + e − collider. Their "Z-peak subtracted" scheme reduces the number of parameters required for these future experiments by using LEP I measurements as input parameters for the calculation of observables at higher energies; effectively they concentrate on f DW and f DB , the operators which introduce a nonstandard running of the charge form-factors. The obvious advantage of their approach is a smaller parameter space which focuses on those parameters whose constraints should improve the most. However, with an exact calculation we obtain more stringent bounds, and we are able to take full advantage of the correlations among all four parameters; these correlations change dramatically at different scales. Because the details concerning our analyses are quite different, our results and theirs are not easily compared. However, we find rough agreement between their results and ours.
VII. THE PROCESS e + e − → W + W − Next we calculate the contributions of the effective Lagrangians of Section IV and Section V to the form factors of Eqn. (2.1) and Eqn. (3.1) . Eventually it will be necessary to include both the complete SM radiative corrections and the effective-Lagrangian contributions in a combined analysis, but the scenario of immediate interest is where the nonstandard contributions are relatively large compared to the higher-order SM effects. The SM corrections have been considered by many authors [2, 36, 37, 38] .
When neglecting the SM loop-level corrections, Eqn. (3.1) may be simplified considerably.
Because there are no corrections to fermionic vertices, the Γ e 1 and Γ e 2 terms vanish while the Γ eν term becomes equivalent to the self-energy correction for an external W boson. In the effective Lagrangian the equivalent of a box correction is a contact term; there is no such contribution due to the exclusion of fermionic fields in the construction of effective operators.
With these simplifications we may rewrite Eqn. (3.1) as
Notice that, through the Z-γ mixing term, the Z-boson has acquired a coupling proportional to the charge of the electron, as discussed in Ref. [26] . Also note that Eqn. (7.2c) for the W W γ vertex, and Because the effective Lagrangian of Eqn. (4.1) is invariant under U(1) em , the g γ 1 (s) formfactor is required to assume its canonical value, g γ 1 (0) = 1, for on-shell photons. For readers who are unfamiliar with this standard notation [1] , it will be reviewed later in this section.
We may obtain the g γ 1 (s) form-factor via
However, care must be taken to account for direct corrections to the three-point vertex as well as self-energy corrections for the particles attached to each leg of the vertex. Motivated by the form of the first line of Eqn. (7.1) we define
Then, combining the above two equations,
The first term on the right-hand side of Eqn. (7.5a) is the tree-level value of g 1 , g
The second term is the contribution from the photon self-energy, given by ∆ē 2 (s), obtainable from Eqn. (6.7a). The third term is the direct correction to the three-point vertex, and the fourth term arises from the wave-function renormalization factor for the external W bosons.
Notice that the constant pieces in these third and fourth terms cancel, as required by U(1) em gauge invariance. These first four terms comprise f However, some of the desirable properties of the SM e + e − → W + W − amplitudes are not preserved in the amplitudes above. In the SM elegant cancellations between the various Feynman graphs insure that the full amplitudes are well behaved at high energies, and perturbative unitarity is satisfied. In particular, at high-energies the SM amplitudes behave like s n where n ≤ 0, and, for large √ s, the SM cross-sections decrease with increasing CM energy. To the contrary, the amplitudes of this section will, in some cases, behave as s n where n > 0 leading to cross sections which do not decrease or even grow with increasing CM energy, violating tree-level perturbative unitarity at high energies. As we approach the scale of the new interactions described by our effective Lagrangian, higher order terms in the are the one-loop vertex corrections, then we may define the 'full' vertex functions according
; we find that Γ (full) Z and Γ (full) γ calculated in this way agree with the results of Ref. [22] . Ref. [26] calculated the corrections to the W W γ and W W Z vertices for a small subset of the operators, but also discussed the e + e − → W + W − cross-section.
For the chiral Lagrangian the calculation of g (1) em . We present the high-energy limit of the e + e − → W + W − amplitudes.
The remaining amplitudes, M IB (τ ; ±, ±) and M IB (τ ; ±, ∓), do not have any contributions that grow with energy. Like its counterpart f Φ,1 in the linear realization, β 1 makes no contribution which grows with energy. Eqn. (5.8) may be used to verify that Eqns. (7.6) and
Eqns. (7.8) are consistent under the equivalence
Notice that α 1 does not contribute to the high-energy behavior of the λλ = 00 amplitudes as was observed in Ref. [26] . On the other hand, we observe that α 1 makes a contribution to the M IB (τ ; ±, 0) and M IB (τ ; 0, ±) amplitudes which is proportional to γ.
C. The 'phenomenological Lagrangian'
To facilitate discussion and to make a connection with much of the standard literature, we also present a phenomenological Lagrangian of the most general W W γ and W W Z couplings which respects only U(1) em gauge invariance [1] . Retaining only those terms that are CP conserving, 9) where the overall coupling constants areĝ W W γ =ê andĝ W W Z =ĝ Zĉ 2 . The field-strength tensors include only the Abelian parts, i.e.
The explicit relationships between the form factors f V i and the effective Lagrangian of Eqn. (7.9) are given by
The e + e − → W + W − amplitudes with corrections from Eqn. (7.9) display the following high-energy behavior.
11e)
The remaining amplitudes, M IB (τ ; ±, ∓), do not have any contributions that grow with energy. Here ∆κ V = κ V − 1 and ∆g
VIII. NUMERICAL ANALYSIS
In this section we shall determine the level to which the parameters of the effective Lagrangians (4.1), (5.4) and (7.9) may be measured/constrained through the study of Wboson pair production at LEP II and at a 500GeV linear collider. We are especially interested in comparing and contrasting the results which we obtain in the different realizations of the symmetry-breaking sector.
When analysing actual experimental data W -boson finite-width effects [37, 38, 40, 41] and contributions from initial and final state radiation [41, 42] are very important. However, as verified by Ref. [41] , these contributions primarily lead to a shift in the measured quantities, but the sensitivity to non-standard couplings is minimally affected. Hence, we may justifiably use the simplified calculation of Section VII.
The calculation of the cross section for
requires, in general, the evaluation of an eight-dimensional integral. In Sec. II we introduced Θ, the angle between the momentum vectors of the W − and the e − as measured in the CM frame. The integration over the azimuthal angle of the W -boson momentum vectors, Φ, is trivial, and need not be considered explicitly. We do not consider transverse polarizations of the LEP II beams [43] . In the zero-width approximation for the decaying W bosons, two integrations are performed analytically, and a single event is characterized by five angles.
Using the same notation as Ref. [1] we introduce the momentum vectors of f 1 and f 2 as measured in the rest frame of the W − as (8.1b) For the momentum vectors of f 3 and f 4 as measured in the rest frame of the W + we have
The z-axis and the x-z plane are common to all three frames.
In practice, to perform a fit, we need to retain as much of the above angular information as possible. A straightforward approach to this problem is to compare the full five-fold differential cross-section calculated in the SM to that calculated with the nonstandard contributions. Suppose, for a moment, that individual events could be completely reconstructed.
Suppose also that we divide each of the above angular variables into 10 bins. Then in total we have 10 5 bins to consider; at LEP II, where approximately 8 × 10 3 W -pair events are expected, we can expect to have zero events in a very large number of these bins. Hence, we will use many fewer bins. In particular we employ four bins in each variable for 4 5 = 1, 024 total bins, and we then perform a log-likelihood fit with Poisson statistics [3] . A similar strategy was employed by the authors of Ref. [44] .
The most common final state, realized in 49% of the events [41] , is where both W bosons decay hadronically, i.e. the jjjj final state. For many of these events it is possible to reconstruct the four-momenta of all four jets. The jets may then be paired such that each pair has the invariant mass of an on-shell W -boson. However, it is extremely difficult within each pair to determine which jet came from a quark and which came from an anti-quark.
By tagging charm quarks it may be possible to make correct assignments of the jets in some fraction of the events. Color reconnection effects [33, 45] may be important at LEP II where the W bosons are produced with a very small velocity, and hence their production and decay vertices are minimally displaced, and as a consequence their decay jets may interact between pairs. Following Ref. [41] we assume that there is an overall ambiguity in the assignment of the jets within each pair, and we also assume that we cannot determine the charges of the W bosons. In this respect our analysis is somewhat conservative. Again following Ref. [41] ,
we assign an efficiency of 60% for the reconstruction of the jjjj final state.
Next we consider the final state where one W boson decays hadronically, and the the other decays leptonically, i.e. the jjlν final state. The branching fraction is 14% for l = e, 14% for l = µ and 14% for l = τ . Due to difficulties in the reconstruction we will simply ignore the jjτ ν final state. For the reconstruction of the jjlν, l = e, µ final states, only one reconstruction ambiguity exists; it is difficult to correctly determine which of the jets is the quark jet and which is the anti-quark jet. Because the charge assignments of the W bosons are determined by the measurement of the lepton charge, charm-quark tagging might be useful for assigning the jets in some portion of the events; for simplicity will we ignore this refinement. Following Ref. [41] , we assign an efficiency of 95% for the reconstruction of the jjlν final state.
Finally, there is the final state where both W bosons decay leptonically, i.e. the lνl ′ ν ′ final state, which occurs 9% of the time. A portion of these events, where one or both of the leptons is a τ lepton, is difficult to reconstruct. The remaining events may be well reconstructed up to an overall two-fold ambiguity which is the result of having two neutrinos in the final state. We have chosen to neglect the lνl ′ ν ′ final state in this analysis, but it may be straightforwardly added to future analyses.
We make one kinematical cut, | cos Θ| < 0.9, and divide each of the five variables into four bins. In a more complete analysis we would need to add additional separation cuts on the final-state fermions, especially to allow for a jet-cone radius. These cuts are crudely included through the incorporation of the efficiencies.
For the one-sigma limits on the coefficients of the energy-dimension-six operators in the linear realization of the symmetry-breaking sector see Table VIII . We include results not of Eqn. (7.9) appear in Table X . We report the one-sigma limits to two significant digits, even though the second digit is only approximate. In many cases we find that one-sigma region is not perfectly symmetric about zero, but generally the asymmetry is less than 10%.
We performed several cross checks of our results. First of all, for the LEP II constraints on f W W W , f W and f B , see Table VIII , we were able to make some comparisons with the results of Ref. [41] ; we found good agreement. For a few of the parameters in Table IX and Table X we were able to compare with the results of Refs. [44] , again finding good agreement. Additionally we made several checks for the internal consistency of our results, for example, by using the relationships of Eqns. (5.8) . Additional relationships connect some of the values in Table VIII and Table IX to those in Table X . Unfortunately the high-energy limits presented in Eqns. (7.6) for the light-Higgs scenario, in Eqns. (7.8) for the chiral Lagrangian and in Eqns. (7.11) for the phenomenological effective Lagrangian are not useful for explaining the improvement from LEP II to the linear collider. This is simply because LEP II is much too close to the W -boson pair production threshold for the high-energy approximation to be useful.
IX. DISCUSSION
Compare the first row of 
Out of the three parameters g Z 1 , κ γ and κ Z , only two are independent. Notice that g γ 1 = 1. Similarly, only one of the λ couplings is independent.
Next, consider the second row of Table VIII . We see that the bounds on all seven of the parameters improve at a 500GeV linear collider. In some cases, such as the constraints of f Φ,1 , we expect small improvements due to the high luminosity which more than compensates for the 1/s falloff in the cross-section. Approximately we might expect an improvement from statistics roughly of the order
we see an improvement in the measurement of f Φ,1 by approximately a factor of 4. However, from studying Eqns. (7.6) , we see that the f i 's often appear multiplied by factors of γ or γ 2 , which, upon modification of the above argument, suggest an improvement due to statistics by a factor of 6 or 10 respectively. We see that these estimates tend to fail because the LEP II CM energy is too low for the high-energy approximations of the amplitudes to be useful.
Next we compare the linear-collider constraints on f DW , f DB , f BW and f Φ,1 from Ta- by the low-energy data through their contributions to the gauge-boson two-point-functions.
One of these parameters, α 1 , also contributes directly to the W W γ and W W Z vertices. If we could justify neglecting these three parameters, then we can present a set of relations that parallels Eqns. (9.1):
2d)
These results agree with Ref. [22] . The numerical estimate of Eqn. (5.12f) suggests that α 9 may be very small. If we neglect α 9 , then, upon using Eqns. Considering the second row of Table IX , we expect that the linear collider may be sensitive to new physics described by the chiral Lagrangian. However, the analysis now becomes more complicated. Linear-collider experiments may also be sensitive to α 8 and marginally sensitive to α 1 . In stark contrast to the light-Higgs scenario, with the chiral Lagrangian we do not obtain additional constraints by studying e + e − → f f. Here the leading corrections to the gauge-boson propagators are independent of q 2 , and hence there is no benefit from the higher CM energy. To the contrary, once we are away from the Z pole, event rates are low and we are statistics limited. If, taking advantage of the high luminosity of the linear collider, we repeat the LEP experiments on the Z pole, then, through the improved measurement ofs 2 (m 2 Z ), it may be possible to improve the measurements of β 1 , α 1 and α 8 directly. The measurement of the weak mixing angle may also be improved at the TeV33. However, the impact of these additional measurements is limited.
Finally, in Table X , we have presented constraints which treat corrections to three-gaugeboson vertices as independent from the two-point-function corrections. As we see from Eqn. (9.2d), we are justified in measuring f Z 5 (which is equivalent to g Z 5 ) separately from the rest. Eqn. (9.1d) implies that λ γ = λ Z < 0.04 at LEP II, and λ γ = λ Z < 0.001 at the linear collider; these results should be contrasted with the first-row and second-row results of Table X respectively. The other correlations described by Eqns. (9.1) and Eqns. (9.2) could also be explored in this way. However, at linear collider energies where the sensitivity to W W γ and W W Z couplings rivals the sensitivity to gauge-boson propagator corrections, it is more sensible to abandon the analysis of Table X in favor of the analyses of Table VIII and The analysis may be performed using the familiar parameters κ V , g V 1 and λ V with V = γ, Z subject to the constraints of Eqn. (9.1) . Essentially the same scenario occurs at the linear collider. We must use both the W -boson pair-production process as well as studies of two-fermion final states to separate the contributions of f DW , f DB , f BW and f Φ,1 from those of f W W W , f W and f B .
When we consider the effects of new physics described by an effective Lagrangian with the symmetry-breaking realized nonlinearly, i.e. the chiral Lagrangian which does not include a physical Higgs scalar boson, we must consider the contributions of β 1 , α 1 , α 2 , α 3 , α 8 , α 9 and α 11 . Three of these, β 1 , α 1 and α 8 , are already constrained by the low-energy and Z-pole data. Hence Eqns. (9.2) may be relevant. The inclusion of α 9 makes these relations slightly more complicated than their light-Higgs-scenario counterparts, Eqns. (9.1). The parity violating coupling α 11 also contributes, but certainly we can disentangle its effects by constructing some parity-violating observables. Because it has no leading-order parityviolating counterpart in the light-Higgs scenario, α 11 is especially interesting. At the linear collider e + e − → W + W − amplitudes may be sensitive to all seven parameters, providing for a rather complicated analysis.
We also presented an analysis where the most general contributions to the W W γ and W W Z vertices are assumed to be independent of the corrections to the gauge-boson twopoint-functions. At LEP II this analysis is useful, especially for testing the relations of Eqns. (9.1) . However, at a 500GeV linear collider, where the measurements of W W γ and W W Z couplings become competitive with measurements of gauge-boson propagator corrections, this approach may be less useful.
